Experimental evolution of microbes often involves a serial transfer protocol with repeated dilutions and transfers to 2 fresh media to start a new growth cycle. Here we study how in silico evolved Virtual Microbe "wild types" (WTs) 3 adapt to such a protocol, study the generic evolutionary features, and investigate how these features depend on prior 4 evolution. All WTs adopt a balance of growth and survival, therewith anticipating the regularity of the serial 5 transfer. We find that this anticipation can happen by means of a single lineage, or by coexisting lineages that 6 specialise on either the growth phase or the stationary phase. Parallel experiments of the same WT show similar 7 trajectories with respect to growth and yield, and similar biases towards diversification. In summary, all our in silico 8 WTs show the same anticipation effects -fitting the periodicity of serial transfer protocol -but prior adaptations 9 determines what solution is found by subsequent evolution. 10 15 adapt to such a simple protocol, we might one day be able to predict evolution in the lab and -ideally -also in 16 nature. Indeed, a lot of evolution in the lab seems remarkably reproducible, where microbes show parallel adaptations 17 both on the level of the phenotype as well as the genotype [4][5][6][7][8][9][10][11]. However, there also seems to be strong potential 18 for divergent evolution, leading to diversity both between and within replicate populations [12][13][14]. Diversification 19 events within populations often entail cross-feeding interactions [12, 13,[15][16][17][18], where species emerge that grow on 20 metabolic by-products. These cross-feeding interactions are increasingly well understood with the help of metabolic 21 modeling and digital evolution [19, 20]. A recent metagenomic study has revealed even more coexisting lineages in the 22 LTEE than were previously reported [21]. It is however not yet clear whether all these polymorphisms are the result 23 of uni-directional cross-feeding interactions, or if other mechanisms could drive coexistence in a simple experiment 24 such as a serial transfer protocol.
Introduction 11
In order to see microbial evolution in action, we often rely on experimental evolution under controlled laboratory 12 conditions. The Long-term Evolution Experiment (LTEE) [1] and similar shorter studies [2] [3] [4] have, for example, 13 evolved many generations of microbes using a serial transfer protocol, in which microbes are repeatedly diluted and 14 transferred to a fresh medium to start a new growth cycle. Conceptually, if we learn to understand how microbes the Virtual Microbe model is an artificial "metabolic universe", describing all the possible reactions that can be catalysed. Resources (yellow and blue) are fluxed in, but building blocks (purple) and energy (red) must be synthesized to express proteins and transport metabolites across the membrane, respectively. B) A Virtual Microbe only needs to express a subset of all possible reactions to be viable, and that no metabolic strategy is necessarily the "right" one. C) The individuals grow and reproduce on a spatial grid, and can only reproduce when there is an empty spot. Death happens stochastically or when a cell has accumulated toxicity by having excessively high concentrations of metabolites. Since only cells that have grown sufficiently are allowed to reproduce, we simulate evolution with no prior expectation.
Before we start evolving Virtual Microbes in a serial transfer protocol, we first evolved a set of Virtual "wild types" 50 (WTs). Instead of optimizing these WTs solely for high growth rates, we here mimic natural circumstances by 51 fluctuating resource conditions (Figure 2A ). When too little resource is available, the Virtual Microbes cannot grow. 52 When too much resource is available however, the Virtual Microbes run the risk of accumulating too high 53 concentrations of metabolites, resulting in increased death rates due to toxicity. To avoid extinction, we divided the 54 total grid (40x40) into four sub-grids (20x20). In these sub-grids, the two resource metabolites A and C ( Figure 1A ) 55 change in their influx rates with probability 0.01. Both these resources can be converted into the purple building 56 blocks required for growth. Maximally flourishing Virtual Microbes live on average 100 time steps. Thus, a healthy 57 Virtual Microbe experiences on average one fluctuation in resource conditions in its lifetime (see full configuration in 58 S1). As the rates of influx span four orders of magnitude, conditions will vary from very favourable to very poor. 59 This in turn depends on which resources the evolved Virtual Microbes like to consume (and at which rate), whether 60 or not there is too much or too little resource, and whether or not space for reproduction is available. All in all, this 61 results in an unsupervised evolutionary process where there is no prior expectation of what metabolic strategy or evidently better. The similarities and differences between our WTs are summarized in Figure 2C , but we discuss this 72 in more detail in Supplementary Section 1. Evolution of Virtual "wild types" under naturally unpredictable and fluctuating resource conditions A) Natural evolution is mimicked by (harsly) fluctuating resource conditions, resulting in a wide variety of resource conditions. The (actual) grid is 40x40, with four 20x20 subspaces where the rates of influx vary stochastically. These subspaces do not impede diffusion of metabolites or reproduction. The fluctuations of the A and C resource (blue and yellow respectively) are independent, resulting in a variety of different conditions. Building blocks (purple) must be synthesized for growth and protein expression. B) We repeat the evolution in natural conditions 16 times starting from the same (minimally viable) initial clone (varying the mutations that happen) yielding 16 distinct WTs. These WTs are later transfered to a serial transfer protocol C) In the white labels we how many of the evolved WTs evolved to use particular reactions. The thicker arrows represent the shared core genome which consists of two resource importers, a metabolic cycle, and a C-exporter. Transcription factors (diamonds) were always present across WTs, but only 11/16 WTs visibly display changes in gene expression correlated with changes in the environment.
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Long-term evolution experiment in silico 74 After evolving a variety of different WTs, we mimic a serial transfer protocol like that of the LTEE. With regular 75 intervals, all but 10 percent of the cells are removed, while at the same time refreshing the medium. Although time in 76 Virtual Microbes has arbitrary units, we will refer to this process as the "daily" cycle from this point forward. Early 77 in the day, during the log phase, high growth rates are very rewarding as there is a lot of opportunity to reproduce. 78 However, once the population has reached stationary phase (having consumed all resources), it is favourable to 79 survive and to not invest in growth any further. We will focus on how our WTs adapt to these alternating selection 80 pressures. The results discussed here are found for a variety of different medium conditions (e.g. also see Table S2 ). 81 We here present the 50 time step serial transfer protocol where the medium contained both the A-and C-resource, 82 as this was a condition on which all WTs could be cultivated, ensuring equal treatment. We focus on the generic 83 features of the adaptation towards this protocol, and how specific WTs and contingent factors from their evolutionary 84 history shape these outcomes.
85
All wild types evolve to anticipate the serial transfer protocol After 800 days of evolving in a serial 86 transfer protocol, we compare the ancestral WTs with the evolved populations. A first interesting observation is an 87 increase in average cell volume during the log phase, which is also one of the first results from the LTEE [24] . We 88 here further study the dynamics of average cell volumes. In Virtual Microbes, cell volume determines the ability to 89 divide (minimal division volume) and survive (minimal viable volume). Interestingly, we find that the dynamics of 90 evolved cell volumes fall into two possible strategies, which are illustrated in Figure 3A -B. Both outcomes show 91 improvements in growth rates, but they clearly differ with respect to their daily yield. In the high yield scenario, cell 92 volumes are maintained above the division volume until the very end of the day, whereas the low yield scenario leads 93 to a transfer volume that is just above minimal. While the transfer volumes across (unevolved) ancestral WTs are 94 mostly high, the evolved cells appear to be either ready to divide at transfer (high yield) or very small (low yield), 95 with very few intermediates ( Figure 3C ). Despite the differences in daily yield, the cell volumes always show a 96 pronounced decrease nearing the end of the day, suggesting deleterious effects on survival. Indeed, if we expose the 97 populations to prolonged starvation by extending the day, the evolved populations die shortly after the anticipated 98 serial transfer, while their WT ancestors survived for much longer ( Figure 3A -B, right-hand side). When the 99 extended yield (the total biomass that was generated after prolonged starvation) is measured, it shows a consistent 100 decrease across all evolved populations ( Figure 3D ) relative to the WTs, as it is now masked from natural selection. 101 In short, we have shown that all the different WTs learn to anticipate the regularity of the daily serial transfer 102 protocol. We found the same anticipation effects when the transfers were done every 25 or 75 time steps ( Figure S5 , 103  Table S2 ), suggesting that the key selection pressure in a serial transfer protocol is a trade-off between growing as fast 104 as possible and remaining viable until the next day. Virtual Microbes adapt to anticipate the regularity of a serial transfer protocol A-B) Two WTs (green) and the population after prolonged evolution in the serial transfer protocol (blue) are shown as an illustration of the anticipation effects. Over the course of 3 cycles, the average cell volume is plotted against time for the ancestral WT (green) and for the evolved population (blue). The y-axis (cell volume) indicates the minimal viable volume and division volume (which are fixed for the model), and the evolved transfer volume (as measured at the end of the third cycle). Daily and extended yield are measured as defined in the method section. After the third cycle, serial transfer is stopped (transparent area). C) Stacked density distributions are plotted for the transfer volumes both early (transfer 0-40, green) and late (transfer 760-800, blue). D) The evolved changes in yield both "daily" (within one cycle of the protocol) and "extended" (after prolonged starvation) for all 16 WTs.
Improved growth at the cost of yield

Improved growth and yield
WTs have distinct trajectories toward a growth-yield trade-off The two extreme categories of cell volume 106 dynamics from Figure 3 suggest a trade-off between growth and yield. We next investigate how our different WTs 107 evolve towards this trade-off, and how reproducible these trajectories are. For this, we repeated the serial transfer 108 protocol 3 times for each WT, and follow the trajectories over time. After ∼800 serial transfers, all populations have 109 adapted along a trade-off between growth and yield ( Figure 4A , p << 10e-16, R 2 = 0.54). This trade-off was not trade-off ( Figure 4E ), which suggests that -for these populations -further evolution along the trade-off is neutral 117 (All the 16x3 trajectories are shown in Figure S6 ). Finally, note how few WTs evolve intermediate growth rates and 118 yield, which parallels the seperation between minimal transfer volumes and dividable transfer volumes depicted in 119 Figure 3C . Taken together, these results illustrate how prior adaptations strongly shape the way subsequent evolution 120 plays out. Evidently, specific WTs more readily give rise to certain solutions, having specific adaptations in their 121 "mutational neighbourhood". This is also illustrated by two WTs that repeatedly gave rise to mutants with extremely 122 high, but unsustainable growth rates, causing multiple populations to go extinct (black crosses in Figure 4 ). In Balanced polymorphisms repeatedly evolve in many different WTs So far we have only looked at 127 population averages. Next, we study the dynamics of lineages and the evolved dynamics within cells. To track 128 lineages we tag each individual in the population with a neutral lineage marker at the start of the experiment 129 (analogous to DNA barcoding). When a single lineage reaches fixation, we reapply these neutral markers, allowing us 130 7/31 to quickly detect long-term coexistence. Moreover, these neutral markers also allow us to study which arising 131 mutations are beneficial in different phases of the growth cycle. In Figure 5A we show dynamics where neutral 132 lineage markers were frequently redistributed, indicating that there is no long-term coexistence of strains. Such 133 coalescence events happen because a fitter strain takes over the entire population, or at a neutral rate due to genetic 134 drift. In contrast, figure 5B displays a repeatedly observed quasi-stable coexistence, where two lineages coexist for 135 some time, but coexistence was not stable in the long-term. Lastly, Figure 5C shows stable, long-term coexistence, 136 where two lineages coexisted until the end of the experiment. Coexistence (either quasi-stable or stable) was observed 137 in 21 out of 44 extant populations ( Figure 5D ).
138
By zooming in on the dynamics of coexisting lineage markers over a shorter time span ( Figure 5B -C, right-hand 139 side), we can better understand how these lineages stably coexist. Notably, one lineage is dominating during log 140 phase, while the other lineage performs better during stationary phase. In other words, the lineages have specialized 141 on their own temporal niche. We find that these dynamics can be the result of three mechanisms (or combinations 142 thereof): 1) cross feeding on building blocks, 2) specialisation on resource A or C, 3) based on the growth vs. yield 143 trade-off. While for cross feeding interactions the dependency is unidirectional, we found that lineages which diverged 144 on the basis of the latter two mechanism often perform better together ( Figure S8 ). This happens because these 145 lineages have increased toxicity and/or experience prolonged starvation when only competing with their own kind, 146 which is otherwise prevented by the presence of the other strain. The lineages thus appear to have adapted their 147 fluxes to the presence of the other, which are now effectively a part of their environment. In accordance with these 148 dynamics, invading mutants can have rapid increases early in the cycle, but decrease to much lower frequencies 149 during the stationary phase ( Figure S7A ). Other mutants can however gradually increase in frequency all throughout 150 the cycle Figure S7B ), revealing that the nature of these dynamics depend on the specific type of mutation and the 151 genetic background of the WT (e.g. cross feeding on building blocks is only possible if the ancestral WT had the 152 necessary importer, which was true only for 7/16 WTs). In short, different types of coexistence emerge in a serial 153 transfer protocol, based on a balancing effect where the abundance of one lineage favours the other and vice versa. 
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Single lineage anticipation by tuning and trimming the gene regulatory network The previous section 155 illustrates how multiple lineages can coexist because the predictable serial transfer protocol produces temporal niches. 156 However, many of our WTs do not show any tendency to speciate like this, and instead always adapt to the serial 157 transfer protocol as a single lineage ( Figure 5D ). In order to better understand this, we will now look at the 158 intracellular dynamics of WT07, and how it changes when adapting to the protocol. WT07 is one of the more "clever" 159 WTs with a relatively complex GRN, and displays strong responses in gene expression when exposed to "natural" 160 fluctuations. In Figure 6 we show that WT07 consistently adapts to the protocol by switching between two modes of 161 metabolism, where importer proteins are primed and ready at the beginning of the cycle, and exporter proteins and 162 anabolic enzymes are suppressed during stationary phase. Despite some differences in the evolved GRNs, the evolved 163 protein allocation patterns are virtually indistinguishable across the three replicates. Interestingly, although no 164 parallel changes were observed in the kinetic parameters of proteins, we do observe the parallel loss of a 165 energy-sensing transcription factor as well as increased sensitivity of the TF that senses the external resource C. In 166 other words, evolution apparently happened mostly through loss, and tuning and trimming of the GRN. Modulation 167 between two metabolic modes allows this single lineage to switch between log and stationary phase, occupying both 168 temporal niches. Indeed, a second lineage never appeared for this WT (5 and Table S2 ).
169
Strikingly, a GRN does not necessarily lead to a single lineage adaptation. For example, another regulating wild 170 type (WT13) repeatedly evolved into multiple coexisting lineages, while maintaining the ability to regulate gene 171 expression. Vice versa, non-regulating wild types (WT01 and WT15) also evolved single-lineage anticipation. Hence, 172 even though the GRN of WT07 has a major impact on the repeatability of single-lineage adaptation (as illustrated in 173 Figure 6 ), the presence of a functional GRN is neither sufficient nor necessary for single lineage adaptation. 
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Discussion 175
In this study we have taken a serendipitous approach to study how microbes adapt to a serial transfer protocol, and 176 to what extent this is determined by their evolutionary history. The Virtual Microbe modelling framework serves this 177 goal by not explicitly defining the concept of fitness. Instead, it builds up biology from the bottom up by 178 implementing basic biological features and their interactions. We observe that regardless of their evolutionary history, 179 all WTs learn to anticipate the regularity of the serial transfer protocol by evolving a fine-tuned balance between 180 high growth rate and yield. Long-term survival, which is now masked from natural selection, always deteriorates after 181 prolonged exposure to such a protocol. We next show that, if the same WT is repeatedly evolved in a serial transfer 182 protocol, it has similar trajectories towards a growth versus yield trade-off, but may subsequently diverge along it.
183
Polymorphisms within populations are frequently observed, which can happen by means of cross-feeding interactions, 184 resource specialisation, or growth vs. yield specialisation. We furthermore find that coexisting lineages are dependent 185 on each other, as they would perform better in the presence of the other. In general, our results are robust to details 186 in the serial transfer protocol, such as using only a single resource, or varying the interval between transfers (see 187   Table S2 ). The anticipation effects, as well as the balanced polymorphisms, therefore appear to be generic features of 188 microbes exposed to prolonged evolution in a serial transfer protocol. Moreover, the concept of microbial populations 189 anticipating predictable changes has also been observed in previous in silico [25] and experimental studies [26] . Figure 5A-B) where an abundant lineage is 196 overtaken by another lineage before rising to fixation [28, 29] . The comparison with respect to the growth versus yield 197 dynamics and the anticipation effects discussed in this work is however less straightforward. We have observed how 198 all our WTs quickly evolve to be maximally efficient given our artificial chemistry, and only subsequently diverge 199 along the apparent growth versus yield trade-off (see Figure 6 ). For E. coli, growth and yield have continued to observed in some of our in silico experiments, we found that balanced polymorphisms could also involve one lineage 209 with high growth rates during log phase and a slower growing lineage which performs better in stationary phase. This 210 can happen by means of resource specialisation, or purely on the basis of a growth versus yield specialisation which 211 does not require cross-feeding or cannibalism. While the resource specialisation is only relevant to experimental 212 studies that use more than one carbon source, the growth versus yield diversification also happens on a single 213 resource (Table S2) . Indeed, other studies have also suggested the importance of these dynamics, such as the 
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The dynamics of Virtual Microbes expose that even a simple serial transfer protocol entails much more than 223 sequentially evolving higher and higher growth rates. Instead, adaptation is an eco-evolutionary process that strongly 224 depends on prior evolution, timescales, the presence of other competitors and mutants, and transient fitness effects. 225 In accordance with these dynamics, temporal positive selection for certain alleles can be inferred from a 226 metagenomics study on the LTEE [21] . Other recent studies have also discussed the important of eco-evolutionary 227 dynamics [33], and how this can readily give rise to coexistence of multiple strains [34, 35] . In light of these shifting 228 and emergent selection pressures, inferring "fitness" from competition experiments could be highly misleading. The 229 fact that metagenomics have revealed much more diversity in the LTEE than previously anticipated [21], makes the 230 subject more complex, and of course more intriguing, to study.
231
In conclusion, we have studied how in silico WTs of Virtual Microbes adapt to a serial transfer protocol. A The data that support this study are available from the author upon reasonable request.
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The authors declares no competing financial interests. conditions. These modeling organisms all have their own evolutionary history, and differences in how they deal with 257 starvation, stress, changes in resource etc. With Virtual Microbes we are able to evolve a de novo set of "wild types" 258 (WTs), adapted to live in such severely fluctuating resource conditions. We can then explore how these WTs adapt to 259 experimental evolution, and find generic patterns of evolution.
260
Model overview 261 Virtual Microbes metabolise, grow and divide on a spatial grid ( Figure 1C ). Here, we use two parallel 40x40 grids 262 with wrapped boundary conditions. One grid contains the Virtual Microbes and empty grid-points, and the other 263 describes the local environment in which the Virtual Microbes live. This environmental layer holds influxed 264 metabolites, waste products of Virtual Microbes, and spilled metabolites from lysing cells ( Figure 1B) . In order to 265 express proteins, grow, and maintain their cell size, Virtual Microbes must synthesize predefined metabolite(s), which 266 we call building blocks. These building blocks are not directly provided, but must be synthesized by the Virtual
267
Microbes by expressing the right proteins, allowing them to pump / convert metabolites into one another ( Figure 1A) . 268 The expression of these proteins depends on genes on genomes that undergo a wide variety of possible mutations 269 upon reproduction (Table 1) . Genomes are circular lists of genes, each with their own unique properties (e.g. K m ,
270
V max for enzymes, K ligand and binding motif for TFs). The level of expression is unique for each gene, and is 271 determined by its evolvable basal transcription rate and how this rate is modulated by transcription factors. When 272 an enzyme or transporter gene is expressed, that specific reaction will take place within the cell that carries that gene. 273 Note however that in the complete metabolic universe, many more possible reactions exist. The genome of an evolved 274 Virtual Microbes will typically only use a subset of all the possible reactions. Proteins to catalyse new reactions and 275 novel TFs can be discovered through rare events. Metabolic network and wild type evolution We use a very simple metabolic network with 2 resource 284 metabolites, 1 building block metabolite, and an energy carrier (Figure 2A ). We initialised 16 minimally viable 285 Virtual Microbes, and evolved them for ∼10.000-15.000 generations in fluctuating resource conditions by applying 286 random fluctuations of the influx rates for the A and the C resource. Because the rate of influx for the two resource 287 metabolites fluctuates between very high (10 −1 ) and very low values (10 −4 ), conditions can be very poor, very rich, 288 and/or potentially toxic. To avoid total extinction, we subdivided the 40x40 grid into four 20x20 subspaces, in which 289 these fluctuations are independent (see Figure 2B ). Note however that these subspaces do not impede diffusion and 290 reproduction, but merely define the rate at which resources flux into different positions on the grid. In this study, the 291 microbes do not migrate during their lifetime. These conditions aim to simulate natural resource fluctuations, 292 evolving what we call "wild types" (WTs) of Virtual Microbes. (see supplement S1) The initial population consists of 293 cells that have 3 enzymes, 3 pumps, and 5 transcription factors. All these proteins are randomly parameterized, 294 meaning that these proteins are unlikely to have good binding affinities and catalytic rates. The amount of building 295 block required to grow and produce protein is therefor very minimal in the early stages of evolution, and increases up 296 to a fixed level as the Virtual Microbes improve. 297 
14/31
In silico serial transfer protocol We mimic a serial transfer protocol like that of the LTEE by taking our 298 evolved WTs and -instead of fluctuating the resource conditions -periodically supplying a strong pulse of both the 299 A-and the C-resource. While WTs are evolved in a spatial setting where resources flux in and out of the system, we 300 here mix all cells and resources continuously and fully close the system, meaning no metabolites wash out. To apply 301 strong bottlenecks while at the same time allowing for sufficient growth, we increased the size of the grid from 40x40 302 to 70x70. We dilute the approximately tenfold, transferring 500 cells to the next cycle.
303
While we used relatively high mutation rate for the evolution of WTs, we bring it back to a more reasonable 304 number in the in silico LTEE. Furthermore, horizontal gene transfer was disabled to represent the asexual 305 Escherichia coli B clone that is used in the LTEE [1] . 306 Growth rate and yield measurements Yield was approximated by taking sum of all cell volumes, normalized 307 by the maximum number of cells (i.o.w. the size of the grid). We measured yield both within a single serial transfer 308 cycle ("daily yield"), and as the extended yield when we tested for long-term survival. As all WTs had slightly 309 different log phases, we estimated the growth rates as the average building block production during the first half of 310 the protocol.
311
Curating (quasi-)stable coexistence Coexistence of lineages was manually curated by looking at the dynamics 312 of neutral lineage markers. When two neutral markers had relatively stable frequencies with a daily pattern as 313 visualised in Figure 5C for at least 10.000 time steps (approximately 100 generations), it was scored as coexistence. 314 When this persisted for a while, but later got lost, it was scored as quasi-stable. When two neutral markers had 315 balanced frequencies for at least 10.000 time steps and this pattern lasted until the end of the 800 serial transfers, it 316 was scored as stable. If neither happened, it was annotated at no coexistence. observed strong convergence as well as divergence in the metabolic and gene regulatory networks that evolved.
404
Because the evolved populations consist of a rich mix of different genotypes, we here describe the WTs by profiling 405 the gene repertoires and GRNs at the end of the simulation (∼10.000 generations). For this, we took 20 (maximally 406 unrelated) individuals from the evolved populations and determined the consensus metabolism ( Figure S1A ). While 407 there is some diversity in the metabolic networks across WTs, the shared gene repertoire constitutes a metabolic 408 network that forms a metabolic cycle complemented with resource importers and an exporter for the C metabolite 409 ( Figure S1B ). We observed that the discovery of both the metabolic cycle as well as the exporter favour survival, as it 410 coincides with an increase in population size and a decrease in the number of generations per time step ( Figure S4 ). 411 Note that in Virtual Microbes survival is improved by avoiding toxic effects of high metabolite concentrations and by 412 only investing in growth when conditions are favourable for growth. The latter can be done via gene regulatory 413 networks that respond to the quality of the environment, but we also found forms of metabolic regulation where 414 microbes accurately fine-tuned kinetic parameters to automatically maintain homeostasis.
415
Although the shared gene repertoire from Figure S1B does not contain transcription factors (TFs), all of the 16 416 WTs have at least one type of TF. These TFs can constitutively repress or activate certain genes, or can respond to 417 environmental conditions by binding to a ligand molecule. The latter response depends on the kinetic properties of 418 the TFs and the properties of the genes which they regulate, all of which are evolvable (see Table S1 ). To get a better 419 overview of how the WTs respond to environmental stimuli we therefore chose to directly measure the gene 420 expression levels in a variety of different resource concentrations (displayed for 6 WTs in Figure S2 ). On the level of 421 these GRNs, and their sensitivity the environment, we clearly see signs of strong divergent evolution. Note however, 422 that the effect on the importer and exporter proteins seems very similar between WTs with different networks, 423 showing that similar responses can be encoded by different GRNs. Finally, as seen in these graphs, some WTs have 424 no response to environmental stimuli. We found that these non-regulating WTs are equally "fit", in that they have 425 the same rates of building block production and death rates (see Figure S3 ). However, the majority (11/16) WTs 426 evolved clear regulatory mechanisms.
427
In short, during the de novo evolution of Virtual Microbe WTs, some evolved features seem highly predictable.
428
Namely, all have evolved the metabolic cycle, all express both resource importer proteins, and all but one WT have a 429 C-exporter. On the other hand, regulatory mechanisms and some of the secondary reactions display considerable 430 diversity. Note that this divergence cannot be explained by differences in initial conditions or fluctuations in resource 431 concentrations, because the WTs only differ with respect to the mutations that have happened in their evolutionary 432 history. However, as shown in the main text, these differences have a profound effect on further evolution. 433 
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Table S1 -Important parameters for TFs for an environmental response 434 Property TF Description Expression TF The TF itself needs to be sufficiently expressed Binding motif
The binary binding motif (10 bits) must have a sufficient match to the operator sequences of genes (50 bits) in order to affect their expression K ligand
If the binding constant to the ligand K ligand is not in range of the observed concentration of metabolites, the TF will always have the same (up or down) regulatory effect, regardless of the environment or internal concentrations. Effect of ligand The ligand-bound and ligand-unbound regulatory effects of TFs need to be different to effectively change expression of genes given any environmental stimulus 435 20/31 Figure 6 from the main text) have been tested for the anticipation effect and polymorphisms. Note that anticipation 438 is not tested by prolonging the cycle (like in the main text), but by comparing the patterns in cell cycle dynamics 439 with those from Figure 3 In the bottom panel, without evident resource specialisation, both lineages have increased toxicity (given that this happens through enzymatic changes, this is likely due to changes in fluxes), which accumulates to significant levels near the end of the cycle. This figure thus shows that lineages can grow dependent on one another, as they are part of each-others environment.
